were used in the analysis of data. Procedure. The vein loop was mounted in the chamber and allowed to equilibrate for about 2 h at 37"C, during which time the basal oxygen consumption rate reached a stable value. During the initial equilibration period, the tissue was put through a passive cycle (in steps) of stretch and release to facilitate mechanical equilibration and to ensure reproducibility in the passive tension. Peak tension during this cycle was kept to less than 50 g-wt. Measurements of passive force-length characteristics following this procedure have been shown to be identical to those measured after KF poisoning (19) . After this cycle, the length at which the passive tension was stable at 1 g-wt was designated the resting length, L,.
Measurements of oxygen consumption rate were made at the 02 tension of air. Although no dependence of the rates of 0 :! consumption on the absolute 02 tension was seen for tensions above 15 % of that of air, the 0 2 tension in the chamber was not allowed to fall below 60 ',,. This was accomplished by flushing the entire contents of the bath with aerated saline, usually at about 30-to 45-min intervals.
That the rate of oxygen consumption was not limited by 02 diffusion into the tissue is supported by the following evidence. The calculated critical thickness for 02 penetration (0.65 mm at the minimum 02 tension used and the maximum rate of oxygen consumption observed) exceeds the tissue thickness of 0.4-0.5 mm. In several control experiments, the 02 tension was increased from air to 50 % 02 or more. Neither Joz nor isometric tension increased by more than 5 % of their respective values at air. Furthermore, both Jo:! and JLA were unchanged as 02 tension varied between air and 60 % of air, and the ratio JLA/Jo2 was unchanged when the muscle shortened (and thus thickened) (20). Thus, it seems unlikely that Oz diffusion was limiting for either the contractile or metabolic response under the experimental conditions employed. The muscle was then stimulated by the addition of epinephrine to the bathing solution (2-5 lug* ml-l were required for maximum isometric tension) and isometric force and Jo, were recorded* The muscle was relaxed by replacement of the bathing solution with fresh saline. Care was taken to wait until the isometric tension returned to previous passive levels (additional changes of the bathing solution were often required) before length changes were imposed on the muscle. This was necessary to achieve reproducible force-length relations (2 1). Length was changed at speeds of about 0.1 L,/min by a servo device. At the new length, basal Jo2 was recorded and the stimulation and relaxation procedure repeated. These length changes (increase or decrease) were imposed in a random order.
Tissue failure was monitored by comparing the isometric force at L, during the experiments to the initial force generated. AMost tissues could generate initial levels of both isometric force and oxygen consumption rate for up to 12 h, the decline in isometric force averaging less than about 2 %;-per hour (21).
RESULTS
Relation between isometric force and muscle length. As the relation between isometric force and muscle length (L) is not well known for venous smooth muscles, it will be presented in some detail. The precision of the force measurements is a strong function of muscle length. Below L,, force measurements are not complicated by the presence of passive tension. Beyond L,, the passive tension increases slowly at first, reaching typically 15 % of active (total minus passive) P, by 1.3 L,. Passive tension then accelerates rapidly, becoming comparable to active P, around 1.6 L,. By lengths of 2.0 L, and greater, the passive tension exceeds the developed isometric tension by factors of 10-50x.
Hysteresis and stress-relaxation present a major problem in the accurate determination of active isometric force, AP,(L) for lengths beyond 1.5 L,. Figure 2 , A and B, illustrates stimulations at 1.46 L, and 1.80 L, and the determination of AP, for each muscle length. In Fig. 2A the passive tension is comparable to the developed isometric tension, and the rather slowly changing passive base line allows AP,,( 1.46 L,) to be well determined.
In Fig. ZB , on the other hand, the passive tension is about 30 times the developed isometric force (the figure is off-zero) , and the rapid stress-relaxation gives proportionately large uncertainties in the developed force. Nonetheless, when the time course of passive tension is extrapolated through the stimulation period, a rather smooth dependence results, and AP,( 1.80 L,) is indicated.
For these reasons, measurements of AP, at lengths greater than 1.5 L, are less precise than at shorter lengths. For very long lengths (on the order of 2 L,), there is a question of irreversibility that is discussed in a preceding report (2 I ). For L less than 1.5 L, , there is no such problem of irreversibility as long as all length changes are made with the tissue unstimulated.
The results of these experiments for 55 veins are presented in Fig. 3, a plot of least-squares regression fit to the data with a third-order polynomial.
No significance will be attached to either the order of the polynomial or the coeficients. Active isometric tension was found to increase as a function of L/L0 through L,. An experimental record of the Jos and isometric force for a typical vein is given in Fig. 4 . As can be seen, neither muscle length nor the passive tension at lengths greater than L, affects the unstimulated rate of oxygen consumption. These basal rates remained nearly constant over typical measurement intervals (1 h), the rate of decline averaging about 2 '$ per hour. Basal Jo2 was somewhat elevated during the initial equilibration period, however, and generally declined to stable rates over the course of an experiment.
Basal rates at the end of 8 h were about 70 % of the rates observed during the I%st few hours after the tissue was mounted in the chamber. The suprabasal rates, AJog, associated with active tension were reproducible throughout the experiment for as long as 12 h after mounting the vein. The basal rate of oxygen consumption at the end of the 2-h equilibration period was 0.432 & 0.014 (n = 121; GEM) pmol Oz.min-l (g dry wt)-I, which lies well within the range of basal values (0.2-0.8 prnol. min-l (g dry wt)-I) reported for other vascular tissues (11, 12) . The increase in Jo2 upon maximal stimulation of P, at L, was approximately twice the basal rate.
AJQ2 was found to be strongly dependent on the level of active tension developed. The proportionality between AJoz and AP, can be readily seen in has been most intensely studied at lengths below 1.5 L,. A plot of AJoz versus AP,, given in Fig. 6 , is a typical example #of the linearity observed. The average slope for 17 such experiments was 0.142 & 0.013 nmol 0,. min-l (g-wt. cm)? The units are in terms of AJoz* (APO* L&l, the approximation P,L,/M being used for the force generated per vein cross-section area.
Comparison of AT',(L) and A&,(L).
The form of the relation between Joa and muscle length as well as the linearity of As in the case of the relation between isometric force and muscle length, a quantitative measure of the relation between Jo2 and muscle length for the population of veins studied is taken over all the data obtained. Figure  7 presents data for the normalized
given in Fig. 3 for the same set of veins. The immediate parallelism is obvious over the entire range of muscle lengths. The smooth curve shown is again a cubic least-square regression to provide a smooth fit to the data. The length (1.48 L,) for peak oxygen consumption (1.28 aJoz(L,)) is not statistically diRerent from the length for maximum active isometric tension (P > 0.9, by Fisher t test, that the diflerence arose as a random e sampling error).
The most obvious difference in the regression shown in Figs. 3 and 7 is that AJo, does not approach zero at muscle lengths where AP,(L) is zero. The computed value of AJo2 (L,,i,) is 0.26 AJoz(L,), where the value for Lmin is taken from the regression on the entire force-length curve. The value of AJoz (L,,i,) computed from the regression analysis is in good agreement with the measured value of AJoz(L,i,) previously reported (19). A small fraction of AJo, (I;,i,) may be attributed to the autooxidation of the epinephrine.
At the concentrations of epinephrine used to achieve maximum stimulation (2-5 pgmml-'), an upper bound for this artifact is 0.06 AJo,( At the maximum isometric tension, the energy utilization not correlated with force generation per se is 15-20 % of the total AJot. Another estimate of the suprabasal energy utilization that is independent of force could be obtained from the observed AJo when AP,(L) is zero at long lengths rather than short. The value of AJO, (L,.,) from the regression line (where L ' max 1s from the AP,(L) regression) is 0.46 A Jo2 (L,) . This, while substantially higher, is not statistically different from the value at shorter lengths, due to the scatter in the data near L = 2.0 L,. However, since the value is nonzero and clearly less than AJo,( this is taken as qualitative confirmation of the previous results. The regression curves taken (L,i,) of the maximally contracted vein was 33 % of the length at which maximum force was developed (L,,,) . This agrees with the value of 30-35 %I reported for bovine and sheep mesenteric artery (16, 28) . This degree of shortening appears to be a general property of smooth muscles (4, 13, 17, 27, 29) ; in contrast, skeletal muscle is capable of shortening to only 50-60 % of LoVt. Passive tension is appreciable at the optimal length for active force generation, being about 25 % of the total isometric tension developed.
The time dependence of the passive tension indicates that stress relaxation can be associated primarily with passive elements in the vein wall. The increment of isometric tension upon a rapidly changing base line at long lengths (Fig. 2B) Using the approximation that area = mass/L, to estimate the vein cross-section area, the maximum active tension developed is 0.74 kg-wt/cm2. This is lower than values reported for skeletal muscles, but generally in the range for other smooth muscle preparations.
When corrected for the histologically estimated area of the vein wall that is longitudinal smooth muscle, this value increases to about 2 kg-wt/cm2, which is comparable to skeletal muscles. Correction to the smooth muscle cross-section area is difficult, however, involving many approximations and assumptions, such that comparison to other muscles is of dubious value. Rate of oxllgen consumption-length relation. The relation between AJoz and muscle length (Fig. 8) AJd accounts for the nonsuperimposability seen in Fig. 8 , as AP,(L)/AP, (L,) begins from zero, whereas the normalized AJoz begins at a finite value of suprabasal oxygen consumption.
AJosa showed considerable variabihty from animal to animal and thus could account for the scatter observed in Fig. 7 . It should be emphasized, however, that the data presented in Fig. 7 are at the level of chemical rates, VlOUS which is of significantly higher resolution reports of the chemical energy utilization.
than pre-
The relations between AJO and AP, on muscle length strengthen the argument by analogy that a sliding-filament model is applicable to smooth muscle. Such mechanochemical studies on whole smooth muscle preparations, however, cannot be related to fundamental muscle dimensions, such as sarcomere spacing, in as direct a manner as such studies in single-fiber skeletal preparations (7, 30) . In view of current models of smooth muscle structure (3), the force-length relation could more strongly reflect the cellular organization of filaments than the constant filament dimensions of a sliding-filament mechanism.
The length dependence of the chemical energy utilization, however, is strong evidence that the average number of interacting ATPase sites is dependen t on muscle length in a manner that is most si mPlY interpreted in terms of a sliding-filament mechanism. The abilitv of this venous muscle to contract to one-third of the length of maximum force generation and to develop force over a fourfold range clearly indicates that it is not an amphibian skeletal muscle. The dependence of force generation and chemical energy utilization on muscle length, however, suggests that a similar sliding-filament mechanism may be implicated.
